Abstract. The differentiation of fibroblasts to myofibroblasts is critical for the development of idiopathic pulmonary fibrosis (IPF). T-cell lymphoma invasion and metastasis 1 (TIAM1) is known to be associated with amyotrophic lateral sclerosis 1 and colorectal cancer; however, its role in IPF is unclear. The aim of the present study was to investigate the expression and roles of TIAM1 in lung fibroblasts during pulmonary fibrosis. It was demonstrated that TIAM1 expression was significantly increased in fibrotic lung tissue and lung fibroblasts from bleomycin (BLM)-treated mice compared with control mice (P<0.05). TIAM1 expression and differentiation were significantly upregulated in human lung fibroblasts challenged with transforming growth factor-β (TGF-β) compared with unchallenged cells (P<0.05). Furthermore, inhibition of the nuclear factor (NF)-κB signaling pathway significantly attenuated TGF-β-induced TIAM1 expression and decreased fibroblast differentiation in human lung fibroblasts (P<0.05). Similarly, overexpression of TIAM1 significantly inhibited TGF-β-induced fibroblast differentiation, as indicated by decreased expression of fibronectin and α-smooth muscle actin (SMA; P<0.05). The results of the present study also demonstrated that TIAM1 knockdown increased TGF-β-induced fibroblast differentiation (P<0.05). These findings suggest that TIAM1 expression is associated with lung fibroblast differentiation in pulmonary fibrosis via an NF-κB-dependent pathway, and that TIAM1 inhibits lung fibroblast differentiation in pulmonary fibrosis.
Introduction
Human T-lymphoma invasion and metastasis-inducing protein 1 (TIAM1) is 1,591 amino acids long with a molecular weight of 177 kD (1) , and is detected at the boundary between cells with actin-rich protrusions (2) . TIAM1 has previously been demonstrated to modulate the activity of Rho-like proteins and connect extracellular signals to cytoskeletal activities through guanosine diphosphate-guanosine triphosphate exchange activity (3) . TIAM1 serves a critical role in the regulation of cell adhesion, invasion and migration, which have been directly implicated in the promotion of cancer progression and metastasis (4) . A previous clinical investigation in patients with lung cancer has indicated that TIAM1 protein expression in lung tumor tissue is significantly higher compared with that in normal lung tissue, and the expression of TIAM1 is correlated with patient age, tumor size, tumor type and tumor differentiation (5) . In human lung cancer cells, decreased expression of TIAM1 due to ubiquitination-mediated degradation or short interfering RNA (siRNA)-mediated knockdown has been reported to induce the disassembly of cell junctions and cancer cell invasion (6) . Furthermore, increased expression of TIAM1 induces human lung cancer cell migration (4) . In an orthotropic nude mouse model of colon cancer, TIAM1 expression was reported to be upregulated in colon carcinoma growths at metastatic sites, suggesting that overexpression of TIAM1 contributes to the metastatic phenotype of colon cancer cells (7) . It has previously been implicated that TIAM1 is a crucial component of the Par complex in the regulation of neuronal and epithelial polarity (8) . In normal lung tissue, mechanical stretch decreases the migration of alveolar epithelial cells via the induction of TIAM1 translocation from the membrane to the cytosol, suggesting that TIAM1 is involved in the repair mechanisms of alveolar epithelial type 2 cells subjected to mechanical strain (9) . However, the role of TIAM1 in lung fibroblasts during pulmonary fibrosis has not been widely studied.
TIAM1 inhibits lung fibroblast differentiation in pulmonary fibrosis
Idiopathic pulmonary fibrosis (IPF) affects more than three million people worldwide (494.5 cases/100,000 people), and half of these patients will succumb within 2-5 years of the initial diagnosis due to limited effective treatments (10) . Myofibroblasts are thought to be the key effector cells in IPF and have several potential sources, including epithelial to mesenchymal cell transition, resident fibroblast differentiation and recruitment of circulating fibrocytes (11) . Lung fibroblast proliferation, differentiation and accumulation in fibrotic foci serve major roles in pulmonary fibrosis, stimulating the deposition of extracellular matrix (ECM) proteins, including fibronectin (FN) and collagen, in alveoli and resulting in lung dysfunction (12) . A previous study indicated that various cytokines and lipid ligands regulate lung fibroblast proliferation, differentiation and invasion (13) . Transforming growth factor-β (TGF-β) is one of the key factors that induce fibroblast differentiation and lung fibrosis (14) . Adenovirus-induced TGF-β1 overexpression in a mouse model of lung injury has been reported to induce pulmonary fibrosis (15) . Typically, TGF-β1 signaling proceeds via the activation of type I and type II serine/threonine kinase receptors, which phosphorylates and translocates mothers against decapentaplegic (Smad)2 and Smad3 to the nucleus to stimulate gene expression in lung fibroblasts (16) . TGF-β1 also activates nuclear factor (NF)-κB-dependent pathways to induce gene expression in lung fibroblasts during pulmonary fibrosis (17) .
In the present study, a bleomycin (BLM)-induced mouse model of pulmonary fibrosis was used to investigate whether the expression of TIAM1 was increased in lung fibroblasts from lung fibrotic foci. The results indicated that in vitro the expression of TIAM1 in TGF-β1-challenged fibroblasts depends in part on the NF-κB-mediated pathway, and overexpression of TIAM1 attenuates TGF-β1-induced lung fibroblast differentiation. In summary, the results of the present study indicate that TIAM1 is critical for fibroblast differentiation and pulmonary fibrosis. 
Materials and methods

Antibodies
Mouse model of pulmonary fibrosis.
A total of 20 wild-type (C57BL/6J) mice (male, 8-10 weeks, ~20 g) were purchased from Vital River Laboratory Animal Technology (Beijing, China). Mice were provided with free access to food and water, and housed under a 12 h light/dark cycle at 18-23˚C and 40-60% humidity. Mice were randomly divided into two groups; BLM (n=15) and negative control (n=5). Mice were anesthetized (IP, 87.5 mg/kg of ketamine and 12.5 mg/kg of xylazine; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and then an intratracheal injection of BLM (2 U/kg; Sigma-Aldrich; Merck KGaA) in saline (50 µl) or saline alone was administered (18) . At 21 days following the BLM challenge, mice were sacrificed. Lungs were harvested and the lobes were fixed at 25˚C in 10% formalin for 24 h and 70% EtOH for 48 h, embedded in paraffin, cut into 5-µm sections and subjected to hematoxylin and eosin staining (25˚C 4 min hematoxylin and 2 min eosin) and trichrome staining (25˚C, trichrome, 10 min). All animal studies were approved by the Animal Care Use Committee of Jilin Province Cancer Hospital (Changchun, China).
Immunofluorescence microscopy. Immunofluorescence microscopy was used to assess the expression of ECM-related protein and TIAM1 as previously described (19) . Briefly, paraffin-embedded mouse lung tissue sections were dewaxed, rehydrated and subjected to antigen retrieval. Antigen retri eval of tissue slides was performed according to the EDTA buffer antigen retrieval protocol, in which tissue slides were immersed in EDTA buffer containing 1 mM EDTA and 0.05% Tween-20 (pH 8.0) at 95-100˚C for 30 min. Sections were subsequently blocked with TBST blocking buffer [2% bovine serum albumin (BSA) and 1% fetal bovine serum (FBS); Santa Cruz Biotechnology, Inc.] for 30 min at room temperature. Lung tissues were then incubated with primary antibodies (1:200, rabbit anti-TIAM1 (cat. no. sc-872; Santa Cruz Biotechnology, Inc.), mouse anti-α-SMA (cat. no. A5228; Sigma-Aldrich; Merck KGaA), control IgG from mouse (cat. no. sc-2025) and rabbit (cat. no. sc-2051) (both from Santa Cruz Biotechnology, Inc.) for 1 h, followed by three 15-min washes with TBST. After this, tissues were stained with Alexa Fluor secondary antibodies (1:200, cat. no. R37117 and A-21202; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 25˚C for 1 h, followed by washing with TBST for 15 min. Slides were incubated with mounting media (containing DAPI) at 25˚C for 10 min, and examined under a Nikon Eclipse TE2000-S fluorescence microscope (Nikon, Tokyo, Japan). Images were captured using a digital camera (Hamamatsu Photonics, Hamamatsu, Japan) with a 60X oil immersion or 4X objective lens. Fluorescence intensity was analyzed using the ImageJ analysis system v1.45 (National Institutes of Health, Bethesda, MD, USA). In brief, the expression of TIAM1 and α-SMA in BLM-treated mice was normalized to the expression in control mice. The number of FSP1(+) cells was quantified, and subsequently the expression of TIAM1 in FSP1(+) cells was analyzed based on the intensity of the merged color.
WI-38 lung fibroblasts were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were fixed with 3.7% formaldehyde for 10 min at 25˚C, treated with 0.25% Triton X-100 for 10 min and subsequently blocked with 2.5% BSA (Santa Cruz Biotechnology, Inc.) at 25˚C for 1 h. Following blocking, cells were incubated at 25˚C with rabbit anti-TIAM1 (1:200) and mouse anti-α-SMA (1:400) antibodies for 1 h. Cells were washed three times with PBS and subsequently incubated at 25˚C with Alexa Fluor-tagged secondary antibodies (1:200, cat. no. R37117 and A-21202; Thermo Fisher Scientific, Inc.) at 25˚C for 1 h. Finally, the cells were mounted and examined using a Nikon Eclipse TE2000-S fluorescence microscope using a 60X oil immersion lens.
Cell culture and TGF-β treatment. Primary mouse lung fibroblasts were isolated from C57BL/6J mice with or without BLM treatment as previously described (17) . Isolated mouse lung fibroblasts and human WI-38 fibroblasts were seeded and maintained in 6-well plates with Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS (Sigma-Aldrich; Merck KGaA). Following serum starvation for 24 h, lung fibroblast cells (~80% confluent) were treated with TGF-β (5 ng/ml) or PBS for 0 to 48 h.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following treatment with TGF-β (5 ng/ml, 12 h), total RNA was extracted from WI-38 cells and purified using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). cDNA was synthesized (46˚C, 20 min) by using a cDNA synthesis kit (iScript cDNA synthesis kit, cat. no. 1708890) from Bio-Rad Laboratories, Inc. A total of 1 µg RNA was converted to cDNA, and this was used for qPCR. A SYBR Green qPCR kit and a CFX96 Touch qPCR system (both from Bio-Rad Laboratories, Inc.) were used. For real time qPCR, the amplification reactions were performed in triplicate, and the thermal cycling conditions were as follows: 10 sec at 95˚C followed by 40 cycles of 5 sec at 95˚C and 30 sec at 60˚C. GAPDH was used as the reference gene to normalize the expression levels of TIAM1, FN and α-SMA. The primers used were as follows: TIAM1 forward, 5'-GAT CCA CAG GAA CTC CGA AGT-3' and reverse, 5'-GCT CCC GAA GTC TTC TAG GGT-3'; FN forward, 5'-TCT GTG CCT CCT ATC TAT GTG C-3' and reverse, 5'-GAG GGA CCA CGA CAA CTC TTC-3'; α-SMA forward, 5'-AAA AGA CAG CTA CGT GGG TGA-3' and reverse, 5'-GCC ATG TTC TAT CGG GTA CTT C-3'; GAPDH forward, 5'-TGT GGG CAT CAA TGG ATT TGG-3' and reverse, 5'-ACA CCA TGT ATT CCG GGT CAA T-3'. Gene expression was analyzed using CFX Manager software version 3.1 (Bio-Rad Laboratories, Inc.). The 2 -∆∆Cq method was used for quantification (17) .
NF-κB inhibitor treatment. Cells (human lung fibroblast, WI-38) were pretreated with 10 µM Bay 11-7082 and vehicle solution (0.05% dimethylsulfoxide), for 1 h. The cells were subsequently challenged with TGF-β (5 ng/ml) for a subsequent 48 h prior to analysis using western blotting. Statistical analysis. Data were analyzed using SPSS v16.0 statistical software (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± standard error of the mean from at least three independent experiments. Data were analyzed using a two-tailed Student t-test or two-way analysis of variance plus a multiple comparisons post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of TIAM1 in mouse lung tissue.
The expression of TIAM1 in lung tissues of mice with or without BLM-challenge (2 U/kg) was assessed on day 21. BLM treatment markedly induced lung injury and fibrosis in the wild-type mice, as indicated by increased cell infiltration into alveoli (Fig. 1A) and deposition of collagen (Fig. 1B) compared with control mice. Immunofluorescence (Fig. 1C and D) indicated that the expression of TIAM1 and α-SMA was significantly increased in the lung fibrotic foci from BLM-challenged mice compared with control mice (P<0.05).
Expression of TIAM1 in mouse lung fibroblasts.
To investigate the expression of TIAM1 in mouse lung fibroblasts, immunofluorescence staining for TIAM1 and FSP1 was performed in mouse lung tissues from control and BLM-treated mice. Staining indicated that the number FSP1(+) cells was significantly increased in the fibrotic foci from BLM-treated mice compared with control mice (P<0.05; Fig. 2A and B) , and the expression of TIAM1 was significantly increased in the Fig. 2A and C) . Western blot results also indicated that the expression levels of TIAM1, α-SMA and FN were significantly higher in lung fibroblasts isolated from BLM-challenged mice compared with those from control mice (P<0.05; Fig. 2D and E) . These data suggest that TIAM1 expression in lung fibroblasts may be associated with fibroblast differentiation in pulmonary fibrosis.
TIAM1 expression in TGF-β-treated human lung fibroblasts.
Human fibroblasts were challenged with TGF-β (5 ng/ml, 48 h) and the results demonstrated that TGF-β significantly increased the mRNA and protein levels of FN and α-SMA (P<0.05; Fig. 3A-C) , indicating increased fibroblast differentiation compared with control cells. Similarly, cells challenged with TGF-β had significantly increased mRNA and protein expression of TIAM1 compared with control cells (P<0.05; Fig. 3A-C) . Furthermore, immunofluorescence staining indicated that the TGF-β challenge increased the expression of TIAM1 in human lung fibroblasts (Fig. 3D) .
Inhibition of the NF-κB pathway attenuates TGF-β-induced fibroblast differentiation and TIAM1 expression in human lung
fibroblasts. It has previously been indicated that inhibiting the NF-κB pathway via NF-κB inhibitor treatment or knockdown of the NF-κB p65 subunit blocks TGF-β-induced differentiation in human lung fibroblasts (17) . In the present study, fibroblasts were treated with Bay 11-7082, then exposed to TGF-β treatment and assessed using western blotting. Bay 11-7082 treatment was demonstrated to significantly attenuate TGF-β-induced fibroblast differentiation (P<0.05; Fig. 4 ) and markedly increase TIAM1 expression in human lung fibroblasts (Fig. 4A) . These data suggest that TGF-β induces TIAM1 expression in human lung fibroblasts via an NF-κB-dependent pathway and may also be associated with fibroblast differentiation.
TIAM1 inhibits TGF-β-induced human lung fibroblast differentiation.
To assess the role of TIAM1 in TGF-β-induced fibroblast differentiation, human lung fibroblasts were transfected with plasmids coding human TIAM1 protein.
Transfection with the TIAM1 plasmid markedly increased the expression of TIAM1 protein in human lung fibroblasts (Fig. 5A) . Furthermore, TIAM1 overexpression was observed to significantly inhibit the TGF-β-induced overexpression of FN and α-SMA, indicating that lung fibroblast differentiation was significantly reduced compared with that of control cells (P<0.05; Fig. 5 ). The effect of TIAM1 knockdown was also assessed via siRNA transfection. It was demonstrated that TIAM1 knockdown significantly increased the TGF-β-induced expression of FN and α-SMA in human lung fibroblasts (P<0.05; Fig. 6 ). Together, these data suggest that TIAM1 inhibits TGF-β-induced human lung fibroblast differentiation.
Discussion
TIAM1 is a guanine nucleotide exchange factor, which is crucially involved in tumor cell invasion and migration (20, 21) . Clinical studies have suggested that TIAM1 overexpression predicates poor overall survival in patients with primary gallbladder carcinoma (22) , prostate cancer (23) and hepatocellular carcinoma (24) . In vitro studies in cancer cell lines have indicated that the TIAM1 gene serves important roles in the proliferation, invasion and metastasis of giant-cell lung carcinoma (5), human breast cancer (20) , hepatocellular carcinoma (25) and colorectal cancer (26) . However, there is limited information available on the effects of TIAM1 on pulmonary fibrosis. The results of the present study demonstrate that TIAM1 expression is associated with pulmonary fibrosis in a BLM-induced mouse model of pulmonary fibrosis. Immunostaining and western blotting data indicate that the expression of TIAM1 is significantly higher in fibroblasts from fibrotic lung tissue compared with those from controls. These data suggest that TIAM1 serves an important role in pulmonary fibrosis.
Fibroblasts are activated following tissue injury. In physiological conditions, activated fibroblasts produce ECM proteins followed by apoptosis; however, under pathological conditions, including in IPF, the activated fibroblasts resist apoptosis and exhibit high proliferation and differentiation (13, 27, 28) . Activated fibroblasts induce the expression and secretion of TGF-β and fibroblast growth factor (13, 29, 30) , which stimulate growth and proliferation in various cells, including fibroblasts and breast cancer cells (31) . In cancer tissues, carcinoma-associated fibroblasts highly express α-SMA, fibroblast activation protein and fibroblast surface protein, which are protein markers of differentiated fibroblasts (32) . Furthermore, activation of carcinoma-associated fibroblasts has been demonstrated to inhibit apoptosis in hepatocellular carcinoma cells (32) . These observations suggest that fibroblast differentiation and activation are critical to the resistance of cancer cells to apoptosis.
Previous studies have indicated that the molecular mechanisms of IPF may be associated with lung cancer (33, 34) . Elderly male cigarette smokers with IPF were demonstrated to be at a higher risk of developing lung cancer, and tumors were more commonly observed in the lower lobes and peripheral regions of lungs (35) . The results of the present study suggest that the oncogene TIAM1 also serves critical roles in pulmonary fibrosis, specifically in lung fibroblasts. They also indicate that the expression of TIAM1 is associated with differentiation of lung fibroblasts, and that TGF-β, which is a key factor of pulmonary fibrosis, directly stimulates fibroblast differentiation and TIAM1 expression via an NF-κB-dependent pathway. A previous study of lung fibroblasts indicated that differentiation may be associated with cell invasion and lung fibrogenesis (36) , which suggests that TIAM1 may be essential for fibrotic phenotype changes in differentiated lung fibroblasts. TIAM1 knockdown in fibroblasts has previously been reported to enhance the invasion of lung cancer cells in vitro (5) . The results of the present study revealed that TIAM1 overexpression blocks the TGF-β-induced differentiation of fibroblasts, which may decrease fibrosis in vivo. Furthermore, knocking down the expression of endogenous TIAM1 further augments fibroblast differentiation. These data suggest that TIAM1 serves different roles in fibroblast differentiation and cancer cell invasion. However, further investigation is required to elucidate the role of TIAM1 in fibroblast migration and invasion.
The present study indicates that the expression of TIAM1 may be dependent on fibroblast differentiation. Differentiated fibroblasts express higher level of ECM proteins, including collagen and FN, compared with undifferentiated fibroblasts (12, 13) . In pancreatic β-cells, ECM proteins stimulate cell proliferation, and induce NF-κB nuclear translocation and the expression of NF-κB inhibitor (37) . Furthermore, blocking the NF-κB pathway completely blocks ECM-induced cell proliferation (37) and the ECM-induced NF-κB pathway is essential for maintaining glucose-induced expression and the secretion of insulin in pancreatic β-cells (38) . However, the effect of ECM in the NF-κB pathway in fibroblasts remains to be elucidated. The results of the present study demonstrate that inhibiting the NF-κB pathway blocks the TGF-β-induced expression of FN and TIAM1, and indicated that TIAM1 expression depends on NF-κB activation. During lung fibrogenesis, differentiated fibroblasts display higher expression level and nuclear translocation of the NF-κB p65 subunit (39) , which suggests that differentiated fibroblasts may induce activation of the NF-κB pathway. However, the underlying molecular mechanisms require further study.
In conclusion, the results of the present study suggest that TIAM1, an oncogene, is also associated with pulmonary fibrosis. The expression of TIAM1 is upregulated in fibroblasts during differentiation, whereas overexpression of TIAM1 attenuates TGF-β-induced differentiation in human lung fibroblasts. The data in the present study indicate that TIAM1 serves critical roles in BLM-induced lung fibrosis in mice, and inhibits the differentiation of pulmonary fibroblasts. These data suggest that TIAM1 is a potential therapeutic target in pulmonary fibrosis.
